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Vibration analysis was conducted for large rotating fans mounted on adjacent rectangular concrete foundation blocks, 66 ft x 22 ft x 
10 ft depth, with the adjacent long sides 10 ft apart.  The blocks were embedded in medium dense sands and gravels with a variable 
shear-wave velocity profile. The purpose of the analysis was to determine whether (1) the dynamic interaction of the blocks through 
the surrounding soil would cause unacceptable vibratory response of the fans, and (2) the foundation stiffness criterion set by the 
vendor was satisfied.  Solutions were obtained using the 3-D dynamic version of the FLAC computer program, which was first used to 
compute the response of a single block-fan system.  The introduction of the second block-fan system into the model resulted in less 
than 10% amplification in dynamic response of the two-block system relative to the single block-fan response, when the excitation 
forces of both fans were in phase (i.e. 0o lag).  However, a maximum amplification of 100% was computed when the phase-angle 
difference in forces was between approximately 90o and 120o.  The results ultimately demonstrated that the vibration and foundation 




The theory of machine foundation vibration is well established 
for single foundations (e.g., Richart et al., 1970; Novak, 1987; 
Gazetas, 1991).  However, solutions for multiple, closely 
spaced foundations on layered soils are not available in the 
literature, and hence numerical modeling must be used in 
these situations.  One such problem and its solution is the 
subject of this paper. 
 
American Electric Power (AEP) planned to use 20,000 hp fans 
with large rotors as a result of the new scrubber installation 
constructed in West Virginia.  Vibrations generated by those 
fans had not been measured at power plants, and consequently 
AEP was concerned that the proposed close arrangement of 
concrete foundation blocks supporting the fans would lead to 
dynamic response in excess of the vibration criteria 
established by the vendors.  A picture of the two fan rotors on 
one fan is shown in Figure 1.  The rotor on the left already has 
the blades installed.  A dynamic unbalanced force of 360 lbs is 
produced by each rotor at the operating frequency of 896 rpm 
(14.9 Hz).  For the analysis, a service factor of 2.0 was applied 
to this force, resulting in a total dynamic load from the two 
rotors of 1,440 lbs.  The unbalanced force from the motor 
driving the fan is 1,374 lbs at 14.9 Hz. 
 
Each fan was mounted on a rectangular concrete block.  A unit 
comprised two such adjacent blocks and two units were 
proposed for the power plant.  The plan-view layout of these 
units is shown in Figure 2.  The square at the end of each 
rectangle denotes the concrete pedestal for the motor.  An 
elevation view of each block, together with the locations of the 
rotor and motor forces, is shown on Figure 3. 
 
The soil profile, constructed from the site geotechnical 
investigation and cross-hole seismic velocity survey, is 
presented in Figure 4.  It consists of fill, sand, gravelly sand, 
gravel, and sandy gravel over bedrock, which consisted of 
claystone sapprolite beginning at a depth of 83 ft.  The shear-
wave velocity (Vs) profile (Figure 4) is somewhat erratic at 
depths between approximately 20 ft and 83 ft, where rather 
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abrupt increases in Vs (followed by sharp decreases) are 
observed, a heterogeneity that further emphasized the need for 
numerical modeling. 
 
During the project, FLAC analyses also were performed for 
pile-supported concrete block foundations and a single large 
shallow foundation block (66 ft x 54 ft x 10 ft) supporting two 
fans.  However, because AEP ultimately selected the two-
block shallow foundation fan unit (Figure 2), analysis results 




The mesh developed for the single-block model is shown in 
Figure 5.  A close-up oblique cut view of the two-block mesh 
is shown in Figure 6 to more clearly indicate the relative sizes 
of the blocks and soil-layer thicknesses.  Note the different 
color coding in this figure.  The tan color and surrounding 
brown color represent the concrete blocks and compacted fill, 
respectively.  The compacted fill was placed at a 1.5:1 (H:V) 
slope extending to the block embedment depth of 8 ft.  This 
fill was assigned a total unit weight (γ) of 125 pcf and Vs of 
700 fps based on previous experience and judgment.  By 
contrast, the surrounding native fill (dark blue color in Fig. 6) 
extending to the same depth was assigned γ =115 pcf 
and Vs = 500 fps based on laboratory and Vs measurements, 
respectively.  The green, blue, purple, and brown colors in 
Figure 5 represent the other soil layers. 
 
Each layer, or sublayer within a particular layer, was assigned 
constant properties.  The appropriate value of Vs was based on 
the Vs profile in Figure 4.  A value of 2% was assumed for the 
material damping ratio of each soil layer.  The concrete block 




The FLAC analysis results are presented in Figure 7 for the 
single foundation block.  The displacements (red color) shown 
in the figure are for a point on the shaft centerline axis 
midway between the two fan rotors (see Figure 3 for location).  
Note the steady-state horizontal displacement amplitude 
(~ 1.3 x 10-5 ft), a result partly due to the rocking of the 
foundation from the overturning moment applied by the 
horizontal component of the harmonic shaft force. 
 
For the two-block analysis, the phase lag between the forces 
on each block is important because of the finite travel times 
for waves generated by one block to reach the second block.  
The convention for the phase lag and block numbers was as 
follows.  Viewing the blocks from the motor down the shaft 
centerline toward the fan rotors, Block 1 is left of Block 2 and 
both shafts are rotating clockwise.  The centrifugal force 
produced by the shaft on Block 2 lags behind the shaft force in 
Block 1.  However, the phase lag is unknown, and therefore, 
analyses were performed for several phase angles (0, 45, 
90, 120, and 180) to determine the one that produced the 
largest block response.  This sampling was considered 
sufficient to obtain an indication of the maximum response 
irrespective of the phase lag.  The displacement responses for 
the 0o phase angle produced the smallest response of the five 
angles, while the 90 phase angle produced the largest 
response.  The displacement histories for these two angles are 
shown in Figures 8 and 9.  These figures clearly show the 
wave interference effect.  For the 0 phase angle (Figure 8), 
the horizontal displacement amplitudes of both blocks are 
similar (~ 1.4 x 10-5 ft), whereas for the 90 angle (Figure 9), 
the horizontal responses of Blocks 1 and 2 are larger 
(~ 2.4 x 10- 5 ft) and smaller (~ 0.4 x 10-5 ft.), respectively.  
The largest horizontal and vertical responses are observed on 
Block 1 and Block 2, respectively.  
 
The interference phenomenon can be observed in several 
respects:  (1) the response amplitudes are different on both 
blocks for a given phase angle, (2) the horizontal amplitudes 
on Block 1 for the four phase angles > 0 are greater than 
those for the single block, and (3) the phase angle of 90 
produces a horizontal steady-state amplitude nearly twice the 
corresponding single block steady-state amplitude. 
 
Despite the relatively large increase in response due to the 
presence of the second block, the absolute values were still 
well below (by about a factor of eight) the limiting 
displacement and velocity amplitudes in Table A.1 of the 
ISO 10816-3: 1998(E) standard.  
 
However, great concern existed regarding whether the 
vendor’s horizontal foundation stiffness criterion for the fan 
units could be satisfied.  Effectively, the horizontal dynamic 
stiffness (k) of the foundation, as determined at the shaft 
centerline, had to be greater than 12 x 106  lb/in.  However, it 
was not clear how this stiffness should be computed and 
whether interference from the second foundation block should 
be considered in the calculation.  After much discussion and 
debate among the parties involved, it was concluded the 
second block could be ignored, and the stiffness could be 
computed as the ratio of the steady state horizontal fan force 
(1,440 lb) and the horizontal displacement of the shaft at the 
midpoint between the rotors.  This ratio is approximately 
equal to the ratio of the horizontal fan and motor forces (2,814 
lb) and the resulting horizontal displacement at the same 





This case history is another demonstration of the utility of 
numerical modeling codes such as FLAC for solving dynamic 
soil-foundation interaction problems.  The study also revealed 
the need for vendors to ensure their equipment vibration 
specifications are more in tune with classical soil-foundation 
interaction theory, including basic concepts and parameter 
definitions. 
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Fig. 5. FLAC 3-D mesh for single foundation 
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Fig. 6. FLAC 3-D mesh cutaway view of two block 






Fig. 7. Time series plots of shaft displacements at midpoint 




Fig. 8. Time series plots of shaft displacements at midpoint 
between rotors of foundation Blocks 1 and 2 for two-block 





Fig. 9. Time series plots of shaft displacements at midpoint 
between rotors of foundation Blocks 1 and 2 for two-block 
foundation case and 90o phase lag 
 
